Malignant peritoneal mesothelioma (MPM) is a rare disease with a wide clinical spectrum. It arises from the peritoneal lining and commonly presents with diffuse, extensive spread throughout the abdomen and, more rarely, metastatic spread beyond the abdominal cavity. Computed tomography, magnetic resonance imaging and positron-emission tomography are important diagnostic tools used for the preoperative staging of MPM. The definitive diagnosis is based on histopathological analysis, mainly via immunohistochemistry. In this regard, pairedbox gene 8 negativity represents a useful diagnostic biomarker for differentiating MPM from ovarian carcinoma. In addition, BRCA1-associated protein-1 (BAP1) loss is specific to MPM and allows it to be distinguished from both benign mesothelial lesions and ovarian serous tumors. Cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy (HIPEC) has become an increasingly important therapeutic approach, while systemic therapies are still being developed. Histology, Ki-67, completeness of cytoreduction, age, sex, and baseline thrombocytosis are commonly used to optimize patient selection for CRS with HIPEC. Additionally, it is well recognized that, compared to other subtypes, an epithelial morphology is associated with a favorable prognosis, whereas baseline thrombocytosis predicts an aggressive biologicalbehavior. Platelets and other immunologic cytokines have been evaluated as potential novel therapeutic targets. Epigenetic modifiers, including BAP1, SETD2 and DDX3X, are crucial in mesothelial tumorigenesis and provide opportunities for targeted treatment. Overexpression of the closely interacting phosphoinositide 3-kinase (PI3K) and the mammalian target of rapamycin (mTOR) pathways appears crucial in regulation of the malignant phenotype. The use of targeted therapies with PI3K-mTOR-based inhibitors requires further clinical assessment as a novel approach.
Introduction
Mesothelioma arises primarily from the mesothelial cells of the serosal membrane lining the pleural, peritoneal and pericardial cavities, and the tunica vaginalis. Among the various types of mesothelioma, diffuse malignant peritoneal mesothelioma (MPM) accounts for nearly one-fourth of cases, with an estimated annual incidence of 2500 cases worldwide [1] . MPM is a heterogeneous, aggressive tumor mainly caused by exposure to asbestos or other carcinogens such as talcum; 33% of diagnosed patients have a history of asbestos exposure, a clearly lower rate than that in patients with malignant pleural mesothelioma [2] . Chronic peritonitis is a less clear risk factor [3] . Patients with MPM are more commonly female, of younger age, and have a better prognosis than those with pleural mesothelioma [4] . The disease typically presents with non-specific features, including abdominal pain, palpable pelvic masses, altered bowel habit, tumor nodules of variable size located diffusely throughout the peritoneal cavity, and massive malignant ascites [5] . The morphologic appearance ranges from epithelioid to sarcomatoid and biphasic subtypes. Among these, epithelioid tumors have a better prognosis [6] .
Cytoreductive surgery (CRS) with hyperthermic intraperitoneal chemotherapy (HIPEC) is a treatment option for patients with good performance status and potentially resectable disease [7, 8] . Despite improved outcomes and the comparatively long-term survival, the combined therapy is associated with significant perioperative morbidity in more than half of patients [9] . Treatment for inoperable MPM consists of palliative chemotherapy with pemetrexed, cisplatin and gemcitabine, either alone or in combination, whereas second-line therapy is currently not defined [10] .
Given the limited therapeutic options in the advanced setting, the prognosis remains dismal, with median survival reported to be one year in a historical series [11] and 13 months in a multicenter registry study [12] . This article provides an overview of our current knowledge concerning the epidemiology, clinical presentation, diagnosis, pathology, genetics, therapeutic interventions and prognostic factors of MPM.
Materials and methods
The PubMed database was searched using the terms "peritoneal, mesothelioma", "pleural, mesothelioma", "immunohistochemistry, mesothelioma", "genomic profiling, mesothelioma", "treatment, mesothelioma", and "prognosis, mesothelioma". Publications between September 1999 and February 2018 were eligible for inclusion. Case series of patients with MPM describing diagnostic and therapeutic considerations along with targeted approaches were also included in this study.
Epidemiology
The incidence of MPM has been increasing since the 1970s and its mortality increased by 2.78% each year from 1994-2008 [3, 13] . It currently represents the second most common site of malignant mesothelioma, accounting for 20% of reported cases [14] . Slight differences in incidence rates among western countries have been described, ranging from 0.5-3 cases per million [15] . The UK reports the highest incidence, estimated at 3.6 and 0.7 cases per 100,000 people for men and women, respectively [16] .
The reported female-to-male ratio for MPM is 0.70 [17] . Interestingly, female patients live significantly longer than male patients, which suggests that sex has substantial prognostic relevance [18, 19] . Patients with MPM are significantly younger, and have a shorter median overall survival (OS) than those with the pleural variant (mean age, 63.3 versus 70.8 years, respectively). In addition, females diagnosed with MPM live significantly longer than male patients; no racial predilection has been described [18] .
Etiology
The main carcinogen leading to the development of MPM is asbestos; nevertheless, only 33-50% of patients diagnosed with MPM report prior exposure to asbestos [15] . The long latency between asbestos contact and the onset of mesothelioma implies that the incidence of this disease will continue to increase in the future [20] . Several additional environmental factors have been implicated, including talc, mica, erionite (volcanic ash), and thorotrast. In addition, Hodgkin's disease, chronic peritonitis and exposure to therapeutic radiation have been correlated with MPM [15] .
Clinical presentation
MPM is usually diagnosed at an advanced stage, probably because disease manifestations are non-specific in the early stage. Clinical presentation is quite variable, depending on the extent of tumor spread within the abdominal cavity. Accumulation of ascites and growth of tumor masses result in abdominal distension in 30-80% of patients. Abdominal pain is the second most common presenting symptom in approximately 27-58% of cases [16] . The typical growth pattern of MPM is diffuse, rather than infiltrative [21] . Swelling of lymph nodes due to local involvement may lead to the obstruction of the superior vena cava, while an acute abdomen can be caused by malignant bowel obstruction or perforation [22] . Patients may also suffer from unspecific symptoms, such as early satiety, anorexia, weight loss, vomiting, constipation, and/or diarrhea. Less common complaints include new-onset hernia, fever of unknown origin and night sweats [23] . Nevertheless, approximately 8% of patients are diagnosed incidentally [24] .
Diagnostic considerations
The precise diagnosis of MPM is based on a detailed medical history, followed by radiological, laboratory, and pathological examinations. Computed tomography (CT), magnetic resonance imaging (MRI), and positron-emission tomography (PET) are the main imaging modalities used; nevertheless, there is no pathognomonic imaging finding for MPM. CT scan may reveal a solid, heterogeneous, soft-tissue mass with irregular margins and demonstrate high contrast between the enhanced tumor and the non-enhanced ascites [25] . Peritoneal and mesenterial thickening are also frequent findings [12] . Since extra-abdominal spread is uncommon, further imaging is rarely indicated. Diffusion-weighted and dynamic gadoliniumenhanced MRI may demonstrate more accurately the extent of the disease, but these modalities are not implemented routinely [26] . PET scanning provides information about the stage of MPM for preoperative patients and allows the detection of lymph node involvement, which may be undetectable on CT scan [3] . PET can also detect potential recurrent disease with more sensitivity [27] . Based on cross-sectional imaging, the differential diagnosis for MPM may include peritoneal carcinomatosis, serous peritoneal, and ovarian carcinoma, as well as lymphomatosis and tuberculous peritonitis.
Biopsy is essential for establishing diagnosis and can be performed either radiographically or surgically. Laparoscopy represents a preferable diagnostic approach, considering its lower invasiveness and clear intraoperative assessment [12, 28] . Whereas the wall of the mobile small bowel is typically not involved in peritoneal carcinomatosis, during either laparoscopy or laparotomy in patients with no medical history of abdominal operations, the serosal layer of the small bowel wall, consisting of mesothelial cells, is commonly diffusely involved. The mesentery is involved in both cases.
CA-125 and CA 15-3 baseline levels are elevated in 53.3% and 48.5% of patients, respectively [29] . Serum mesothelinrelated protein has a higher sensitivity of 60% [30] , whereas serum high-mobility group box 1 (HMGB1), hyaluronic acid, and osteopontin could be useful markers for monitoring disease recurrence [29] .
Histology and immunohistochemistry
Histologically, MPM is divided into epithelioid, sarcomatoid, and biphasic subtypes. Among these, epithelioid is the most common, representing 75-90% of reported cases, and is associated with the best prognosis, as mentioned above [6] . Approximately 25% of MPMs are biphasic, while the sarcomatoid subtype is extremely rare. The epithelioid subtype is composed of cells that resemble normal mesothelial cells in a predominantly tubulopapillary or trabecular pattern with uncommon mitotic figures. The biphasic subtype consists of both epithelioid and sarcomatoid elements, with each component contributing at least 10% of the overall histology [31] . The sarcomatoid subtype is composed of tightly arranged spindle cells with sporadic malignant osteoid, chondroid or muscular features. The prognosis of biphasic and sarcomatoid subtypes is significantly worse, similar to that of the corresponding pleural mesothelioma variants [3, 32] .
The diagnosis of MPM based entirely on histologic patterns may be challenging; thus, immunohistochemical panels are usually used and can provide the more sensitive and specific information needed for an accurate diagnosis (Fig. 1 ). In addition, there is increasing interest in using markers relatively tissue-specific transcription factors. Furthermore, the optimal immunohistochemical panel for distinguishing MPM from ovarian serous tumors remains to be clearly defined. There is a general consensus that EMA, calretinin, CK5/6, Wilms tumor 1 (WT-1), HBME-1, thrombomodulin, podoplanin, mesothelin, and D2-40 are immunoreactive in MPM. However, WT1 [33, 34] , D2-40 [35] , calretinin [32] , and cytokeratin 5/6 [36] can also be positive in the majority of serous carcinomas. On the other hand, TTF1, CEA, Ber-Ep4, LeuM1, B72.3, MOC31 and cluster of differentiation (CD) 15 are commonly expressed in adenocarcinoma rather than mesothelioma [37] . Overall, it is recommended to use at least two mesothelioma markers and two carcinoma markers [3, 38] .
Genomic profiling of MPM
The genetic alterations that drive mesotheliomas occur at distinct frequencies depending on the anatomic origin of the tumor. One study revealed chromosome 9p21 deletion more frequently in pleural than in peritoneal tumors (85% vs. 36%), whereas 5p15 and 7p12 gains were more common in peritoneal than in pleural tumors [39] .
BAP1 is a tumor-suppressor gene that enhances BRCA1-mediated cell growth suppression, which plays a significant role in the organogenesis of the Müllerian system [40] . It is expressed in a variety of ovarian tumors, particularly serous carcinoma, and has been established as a sensitive and specific marker for ovarian serous carcinomas, as well as an important parameter in the differential diagnosis with MPM. Its sensitivity ranges between 90% and 100% [41] . The expression of PAX8 in the Müllerian lesions is generally strong and diffuse. However, PAX8 is expressed in only a small minority of MPMs, according to the limited relevant literature available [41] .
BAP1 is lost in almost 50% of pleural mesotheliomas and two thirds of MPMs, but in less than 1% of high-grade serous carcinomas [42] . Table 1 depicts the available studies that reported a loss of BAP1 in MPM. One study identified that frequent loss of BAP1 immunostaining in MPM did not affect significantly the outcome [43] . Therefore, loss of nuclear BAP1 confirm the diagnosis of MPM but does not offer prognostic information. On the other hand, preservation of BAP1 cannot distinguish MPM from other Müllerian lesions, because of its suboptimal sensitivity [42, 44] . Cytogenetically, 40-70% of both pleural and peritoneal mesotheliomas harbor a loss of 9p including cyclin-dependent kinase activator inhibitor 2A (CDKN2A), or 22q including NF2 [43] . The combination of homozygous CDKN2A deletion and hemizygous NF2 loss in MPM is an independent prognostic factor, associated with shorter progression-free survival (PFS) and OS. In addition, tumor suppressor gene BAP1 mutation can predispose to MPM. An array comparative genomic hybridization study involving 33 MPM patients revealed focal deletions affecting BAP1 and CDKN2A in 61% and 33% of cases, respectively, suggesting that similar genetic alterations drive MPM and pleural mesothelioma but at different frequencies [45] . The genomic profiling of patients with MPM is summarized in Fig. 1 . Limited evidence is currently available for the functional role of specific microRNAs (miRNAs) in MPM [46] . It has been suggested that miR-380-5p-a miRNA normally negligibly expressed in telomerase-positive MPM tissues-may interfere with telomerase activity and promotes cell growth impairment and induction of apoptosis in relevant models of MPM [47] .
Treatment options Surgical therapy
Given the rarity of MPM, data on the best treatment strategies have been based mostly on single institutional retrospective reports [15] . In the absence of coexisting medical conditions that would increase surgical risk, CRS is a reasonable approach. Surgery must be performed by an experienced surgical team; peritonectomy could be either limited to peritoneal surfaces visibly infiltrated by the disease or extended in the case of total parietal peritonectomy [48] . There is some controversy about the implementation of these two strategies. In a controlled study, the reported 5-year survival rates of selective versus parietal peritonectomy were 40% and 63.9%, respectively (P=0.0269) [49] . The complete parietal peritonectomy was performed without increasing post-surgical morbidity or mortality.
MPM has a specific pattern of intraperitoneal dissemination. Parietal peritoneal surfaces are typically diffusely involved, which may necessitate extensive peritonectomy. The perihepatic regions may pose a substantial challenge, specifically the posterior aspect of the hepatoduodenal ligament. The extensive involvement of small-and large-bowel mesenteries is generally not amenable to cytoreduction.
The presence of lymph node metastases has been demonstrated to be a negative prognostic factor for survival [50] . All enlarged lymph nodes should be removed and assessed histologically. Lymph node groups that have been recommended for histopathologic evaluation include the deep epigastric lymph nodes, external, internal and common iliac lymph nodes, as well as lymph nodes at the origin of the gastroepiploic vessels [50, 51] .
CRS and HIPEC
CRS with HIPEC has been recommended as the standard of care for patients with operable disease, and has been evaluated in a series of studies [7, 8, 29, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Details are reported in Table 2 . CRS is the basis for the implementation of this therapeutic modality, whereas HIPEC offers enhanced therapeutic activity via distribution of high-dose intraperitoneal chemotherapy to all peritoneal surfaces in parallel with hyperthermia [24] .
The aim of CRS prior to intraperitoneal chemotherapy is the achievement of complete resection of the macroscopic tumor and lysis of preexistent intra-abdominal adhesions, with the prospect of optimal exposure to intraperitoneal drugs. In this sequence of procedures, postponement of bowel reconstruction following resections until after the chemotherapy perfusion is considered, to reduce the risk of tumor cell seeding at anastomotic sites. Intraperitoneal therapy seems to be beneficial only in those residual tumor nodules smaller than 3 mm. There are six different peritonectomy procedures that can be performed either separately or combined: greater omentectomy-splenectomy, left upper quadrant peritonectomy, right upper quadrant peritonectomy, lesser omentectomy-cholecystectomy with stripping of the omental bursa, pelvic peritonectomy with sleeve resection of the sigmoid colon, and antrectomy [65] .
Hyperthermia has a direct cytotoxic effect caused by impaired DNA repair, denaturation of proteins, induction of heat-shock proteins, and apoptosis as well as inhibition of angiogenesis. In addition, hyperthermia acts synergistically with certain cytotoxic drugs, such as cisplatin, ifosfamide, melphalan, and mitomycin C, whereas it may also diminish the systemic toxicity of some drugs (e.g., doxorubicin and cyclophosphamide) by increasing their alkylation and/or excretion. Although enhancement of penetration depth should theoretically apply for all drugs, this has only been proven for cisplatin (Table 3 ) [65] .
Peritoneal expansion is applied in most centers to optimize exposure of the intra-abdominal organs and the parietal peritoneum to the perfusate. This can be achieved by several available methods. In the coliseum technique, the skin of the abdomen is attached to a retractor ring, above the laparotomy wound. The abdominal cavity is covered with a plastic sheet with a small opening in the centre allowing entrance for the surgeon's hand to stir the abdominal contents. A "peritoneal access device" to achieve optimal peritoneal expansion has also been described. Peritoneal expansion based on this technique permits large volumes of perfusion fluid to be added, enabling the small bowel to float in the cavity expander. Finally, there is a perfusion system in which the abdomen is closed during perfusion by a running suture of the skin. Thus, the whole peritoneal surface is exposed and drug spillage and heat loss are prevented [65] . Preoperative evaluation should determine whether optimal or complete CRS is feasible. Contraindications for CRS and HIPEC include severe cardiac, pulmonary, hepatic or renal dysfunction, and poor performance status [66] . In addition, high-volume peritoneal disease, extensive involvement of small bowel or mesentery, large tumor masses in the lesser omentum, disease burden outside the peritoneal cavity, and para-aortic lymph node metastases are contraindications, as they reduce the probability of optimal or complete CRS and are associated with poor outcomes [67] .
The need to improve patient selection has led to various prognostic scoring systems that evaluate candidates preoperatively for CRS and HIPEC. The preoperative parameters used in those scoring systems include histopathology, symptoms, and tumor burden. Overall, the risks of perioperative morbidity and mortality, analogous to those of major gastrointestinal surgeries, should be weighed against the anticipated survival benefit, which depends on the extent of the disease and the feasibility of achieving complete CRS [67] .
Immediately following a CRS and prior to intestinal reconstruction and abdominal closure, the abdomen and pelvis must be prepared for HIPEC, achieving complete hemostasis. Mechanical cleansing of the peritoneal space by irrigation should be performed, followed by HIPEC in patients who undergo [50, 52, 55, 56, [76] [77] [78] .
In a multi-institutional retrospective analysis of 405 patients with MPM treated with CRS-HIPEC [7] , HIPEC, mainly in combination with cisplatin and doxorubicin, was administered to 92% of participants. An additional 23% subsequently received systemic chemotherapy, mainly with paclitaxel, in an adjuvant setting during the early postoperative period (days 1-5). Median OS was 53 months and 5-year survival was achieved by 47%. Likewise, a recent meta-analysis of 20 studies, which included 1047 patients with MPM treated with CRS-HIPEC, reported a 5-year survival of 42% in the 67% of patient who underwent complete or near-complete cytoreduction prior to HIPEC [79] . Myelosuppression is a common complication associated with HIPEC, while laparotomy and CRS may cause wound infections, prolonged ileus, bowel obstruction, urinary tract infections, sepsis, and fistula formation. Despite these known side effects of CRS-HIPEC, the benefit is significant, with median OS and 5-year survival rates of 29.5-100 months and 17-91.3%, respectively (Table 2 ). This broad range is obviously explained by the widely heterogeneous nature of differing study populations, tumor biology and experience of the surgical team. CRS and HIPEC were also effective in the management of variable origins of peritoneal carcinomas and malignant ascites [60, [80] [81] [82] [83] , as well as in disease recurrence [84] .
Early postoperative intraperitoneal chemotherapy with paclitaxel, combined with systemic chemotherapy, has been reported to be beneficial. The recommended intraperitoneal/ systemic chemotherapy regimens are similar to those implemented in ovarian cancer [85] .
Systemic chemotherapy
CRS-HIPEC is considered as the standard first-line treatment for MPM, whereas systemic chemotherapy is the alternative approach for inoperable/unsuitable patients or for those patients who seek non-surgical management. Perioperative systemic chemotherapy has also been recommended in those with high-risk histology or extensive disease.
Limited clinical trials have been performed for the evaluation of systemic chemotherapy in patients with MPM [66] . Despite the fact that pleural and peritoneal mesothelioma are distinct, especially in terms of biology, the effectiveness of chemotherapeutic agents is similar for both entities. Neither single-agent systemic chemotherapy nor combinations are effective, and they correlate with a poor response rate of less than 15-20% [3] . The pemetrexed/cisplatin combination is approved for the treatment of MPM, based on the definitive phase III trial by Vogelzang et al [86] .
The efficacy of pemetrexed for MPM, either alone or in combination with cisplatin, was reported in two studies [87, 88] . The estimated median OS times were 8.7 and 13.1 months for pemetrexed monotherapy and the doublet systemic chemotherapy with cisplatin, respectively. There were no significant differences in the responses between chemotherapy-naïve patients and those previously treated with another agent. Pemetrexed was well tolerated, with low rates of reported grade 3 or 4 side effects, most often hematologic (2%) or non-hematologic toxicities such as dehydration (7%), nausea (5%), and vomiting (5%) [87] . A phase II trial revealed that the treatment with pemetrexed plus gemcitabine provides a significantly improved median OS of 26.8 months. However, the response rate of 15% still remains low [89] . Taking into consideration the increased incidence of severe toxicity and the inferior disease control rate with this combination, the option of pemetrexed with cisplatin/carboplatin is still considered as the standard first-line systemic treatment. The remaining drug combinations are reserved as a second-line option. Nevertheless, no therapies have shown a survival benefit as second-line treatments for relapsed or refractory disease.
Failure to obtain disease control should prompt a switch to cisplatin combined with either irinotecan, or gemcitabine. Additional alternatives for second-line systemic treatment include the single agent vinorelbine, as well as the molecular agent tremelimumab, a monoclonal antibody that targets the cytotoxic T-lymphocyte antigen 4 (CTLA4). All these secondline therapies are still under investigation and enrollment in clinical trials should always be considered.
The use of perioperative systemic chemotherapy has also been investigated in MPM patients who underwent CRS-HIPEC, while neoadjuvant chemotherapy was independently associated with a worse outcome [90] . The 5-year OS achieved with this approach was 40%, compared to 56%, 67% and 62% in patients who had no systemic chemotherapy, or were treated in an adjuvant setting or perioperatively, respectively.
Molecular therapy
Deregulated expression of growth factors or proteins that function in downstream signaling pathways is crucial in the malignant transformation of mesothelial cells. A variety of molecular targets have been identified in MPM and relevant targeted agents have been investigated (Fig. 1) . However, there is no consensus in the literature concerning the presence of epidermal growth factor receptor (EGFR) mutations in MPM. These mutations were identified in 31% of patients diagnosed with MPM [91] , a similar rate to that reported for non-small cell lung cancer [92] . The presence of EGFR mutations is predictive of optimal cytoreduction-the only surrogate factor that predicts long-term survival [8] -treatment response and improved outcome as compared to the wild-type MPM [91] . On the other hand, in another study direct sequencing of the entire EGFR tyrosine kinase domain revealed that patients with MPM do not harbor somatic mutations in that domain that would make them sensitive to an EGFR tyrosine kinase inhibitor [93] . It is difficult to interpret the contradictory findings of these studies.
Overexpression of the closely interacting phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) pathways has emerged as an important molecular alteration that promotes a malignant phenotype of MPM [5] . Loss of phosphatase and tensin homolog (PTEN) function has been detected in 30-60% of cases [94] . Therefore, pharmacological inhibition of the PI3K-PTEN-AKT-mTOR pathways could be therapeutically beneficial in mesothelioma and clinical trials in this setting are ongoing [95] . In a case series of patients treated with CRS and HIPEC, upregulation in genes related to the PI3K and mTOR signaling pathways was associated with shorter OS [5] . Mesothelin is a cell surface glycoprotein expressed in both mesothelial and peritoneal cells. Three agents targeting mesothelin have been evaluated: SS1P, a recombinant immunotoxin targeting mesothelin; MORAb-009, a chimeric IgG1 anti-mesothelin monoclonal antibody; and CRS-207, a live-attenuated Listeria monocytogenes vector encoding human mesothelin [96] . Some novel mesothelin-targeted agents, including the immunocytokine interleukin (IL)-12, appear to have equivalent antitumor activity to SS1P in a murine model of MPM [97] . Furthermore, studies revealed that MORAb-009 blocks the binding of mesothelin to CA-125 and thus could be a promising approach for the prevention of tumor metastasis [98] . Finally, the recombinant anti-mesothelin immunotoxin SS1(dsFv)PE38 demonstrated preclinical cytotoxic activity and is under clinical investigation [99] .
An interesting molecular target is the glycoprotein MUC1. One study revealed that MUC1 was expressed in 90% of patients with MPM and may carry some negative prognostic value [100] . Bromelain, a complex of proteolytic enzymes, has been proposed to target MUC1. Preliminary research indicates that chemoresistant peritoneal mesothelioma cell lines demonstrate increased sensitivity to bromelain combination therapy [101] .
The NF2/Hippo signaling pathway appears to be disrupted in the majority of mesotheliomas [102] . Indeed, experimental animal models suggest that this event, together with a deficiency in CDKN2A, is crucial for the development of mesothelioma. Therefore, targeting molecules involved in the NF2/Hippo pathway is considered essential for the treatment of MPM. In addition, NF2 alterations lead to activation of focal adhesion kinase (FAK) and merlin deficiency predicts sensitivity to FAK inhibitors [103] .
The genomic profiling of MPM revealed recurrent mutations in the epigenetic regulatory genes BAP1, SETD2, and DDX3X [104] . In this regard, transcriptional deregulation is a key oncogenic mechanism in mesothelial tumorigenesis that can lead to novel therapeutic implications for the treatment of MPM. Preclinical data suggest that inhibitors of epigenetic modifiers, including histone deacetylases and the histone methyltransferase EZH2, may be therapeutically beneficial in mesothelioma [105] . Those mesotheliomas that harbor inactivating events affecting both BAP1 and other transcriptional regulators, including SETD2 and DDX3X, probably constitute a molecular subgroup with altered transcriptional programs that may respond therapeutically to these agents. Potentially targetable alterations have also been identified, such as MET, which can be targeted with the small molecule inhibitor cabozantinib, and WEE1 with AZD1775 for the subset of MPM harboring SETD2 inactivation [106] . Furthermore, in one study ALK rearrangements were identified in 3% of patients with MPM, mostly in younger women [107] . Interestingly, the ALK-rearranged cases lacked the typically genetic alterations present in MPM, i.e., BAP1, SETD2 or NF2. Therefore, oncogenic ALK fusion may represent a distinct pathogenetic mechanism for a subset of patients with MPM who may be treated with ALK targeting agents.
Immunotherapy
Data from animal studies and small-cohort clinical trials suggested that malignant mesothelioma could be responsive to immunotherapy [108] . A chronic inflammatory reaction represented by infiltrating lymphocytes and plasma cells is associated with improved prognosis [109] . Indeed, tumor necrosis factor-α, IL-6, interferon and granulocyte-macrophage colony-stimulating factor have been demonstrated to be effective in the treatment of mesothelioma [3] . In mice models, pulsed dendritic cells were shown to be powerful in controlling the growth of mesothelioma and may be implemented in the adjuvant setting to control local recurrence [110] . There is a genuine need for more phase II/III clinical trials to allow investigation in the field of these novel immunotherapies.
Cancer cells usually inhibit T-cell activation and evade immune surveillance. Activated T cells express CTLA-4. CTLA-4-blocking monoclonal antibodies represent the standard of care of certain cancers, including melanoma [111] . In a phase II trial, the anti-CTLA-4 antibody tremelimumab has been evaluated as second-line treatment in mesothelioma [112] . In this study, a disease control rate of 31% and a PFS of 6 months were achieved, prompting further assessment of this agent in this setting.
Expression of programmed death-ligand 1 (PDL-1) allows cancers to escape from the host immune system by interaction with programmed cell death-1 (PD1), and has been demonstrated in mesothelioma tumor tissue [113] . This could lead to the development of a PD1/PDL-1 targeting agent for this disease. However, the predictive value of immunohistochemical screening regarding the response to anti-PD-L1 treatment for epithelioid MPM remains to be investigated.
Prognostic factors
MPM is a biologically heterogeneous tumor. Because of its rarity and the variability of treatment approaches, prognostic factors have not been clearly identified. Well-established prognostic factors are vital for optimizing the treatment of patients with MPM and multi-institutional registries must play a fundamental role in addressing this need [28, 37] . Several patient-and treatment-related factors can be used for risk stratification in MPM patients undergoing CRS and HIPEC treatment [59, 64] . One of the most consistent factors useful for predicting survival in MPM is the histologic type. It has been suggested that the epithelioid subtype is a favorable prognostic factor, while sarcomatoid and biphasic subtypes are associated with a dismal prognosis [7, 49, 62, 75] . Accordingly, one study revealed that CRS-HIPEC in the sarcomatoid and biphasic groups may not be beneficial, with a median OS of 10.5 as compared to 51.5 months for those with a more favorable histology [64] . Survival is strongly affected by the completeness of cytoreduction [59, 75] . In addition, outcomes from numerous studies identified stage as a prognostic factor [57] . A novel nomogram has been used for predicting survival, partly based on the peritoneal carcinomatosis index ranges [62] . In addition, it has been suggested that cell proliferation biomarkers such as Ki-67 may play a prognostic role in patients with MPM; high Ki-67 in association with a high peritoneal cancer index resulted in a median OS of only 10 months [57] .
Older age is a negative predictive factor, even though the age of sample populations has varied among different studies. In general, patients older than 65 years have a dismal prognosis compared with those younger than 65 [64] . A possible explanation is that advanced age may increase post-surgical morbidity and mortality per se. There are certain differences in terms of the disease prognosis between the sexes, with female sex being associated with better survival in univariate analysis [19, 58, 59] . Less asbestos exposure, favorable histologic features, and the expression of estrogen receptors (ER-β) probably contribute to the better prognosis of female patients compared to male [24, 114] .
A large, single-center experience revealed that preoperative thrombocytosis predicts shortened survival in patients with MPM who undergo CRS and HIPEC [115] . It seems that those with a high platelet count were more likely to undergo suboptimal debulking surgery. These data suggest that patients with baseline thrombocytosis are not good candidates for immediate CRS and HIPEC. Overall, thrombocytosis at diagnosis predicts an aggressive biological behavior of MPM, thus suggesting that platelets and other immunologic cytokines could represent potential targets for the development of new therapeutic agents.
Concluding remarks
MPM remains a rare disease with limited therapeutic options and a poor outcome. Immunohistochemical loss of nuclear BAP1 is highly specific in the distinction of MPM from benign mesothelial proliferations. In addition, PAX8 immunostaining is valuable for differentiating MPM from serous ovarian cancer. The management of MPM requires meticulous patient selection and appropriate use of CRS and HIPEC in experienced centers. Optimal or suboptimal cytoreduction increases the chances of long-term survival in these patients. Systemic chemotherapy with the combination of pemetrexed and cisplatin in a first-line setting is reasonable for unresectable tumors, but the response remains limited. It is hoped that the molecular characterization of MPM tumors with novel sequencing technologies will lead to the identification of novel molecular targets in this disease. To date, overexpression of the PI3K/mTOR/AKT pathway appears to be a driver of the malignant phenotype of this tumor and represents an important target for the development of novel therapeutic interventions. Standardization of the treatment of peritoneal mesothelioma is crucial and will only be achieved through international collaboration and prospective clinical trials.
